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ABSTRACT

The use of a staged turbine combustor (STC) for reducing the pollutant emissions is currently under study

because it offers a broad operational range due to the good flame stability of the RB zone. A numerical study was

performed to investigate chemically reactive flow with sprays inside a STC combustor using a modified version of
the KIVA-II code. This STC combustor consists of a fuel nozzle (FN), a rich-bum (RB) zone, a converging connect-

ing section, a quick-quench (QQ) zone, a diverging connecting section, and a lean-combustion (LC) zone. From the

computational viewpoint, it is more efficient to split the STC combustor into two subsystems, called FN/RB zone

and QQ/LC zones, and the numerical solutions were obtained separately for each subsystem. This paper addresses
the numerical results for the FN/RB zone which is equipped with an advanced airblast fuel nozzle. The input condi-

tions used in this study were chosen to be similar to those encountered in advanced combustion systems.

Preliminary results generated illustrate some of the major features of the flow and temperature fields inside the
RB combustion zone. From the results obtained so far, it appears that the modified KIVA-II code can be used to

study the effects of a number of combustor design and operating parameters, such as fuel split, RB zone geometry,

equivalence ratio, etc., on flow and temperature-fields, and pollution emissions.

INTRODUCTION

The current environmental issue on pollution imposes an urgent need in the reduction of NOx emission from

gas turbine engines. One way to reduce the production of NOx from the gas turbine combustor is to utilize the

staged turbine combustor (STC) concept (ref. 14). One STC combustor, which consists of a fuel nozzle (FN), a
rich-bum (RB) zone, a converging connecting section, a quick-quench (QQ) zone, a diverging connecting section,

and a lean-combustion (LC) zone, is shown in figure 1. The STC concept incorporates staged burning. Combustion

is initiated in the RB zone with an equivalence ratio (_) in the range of 1.2 to 2.0. The hydrocarbon reactions pro-

ceed rapidly, depleting the available oxygen, thereby inhibiting NOx formation. The hot rich mixture is then rapidly
diluted and mixed by an array of air dilution holes or slots in the QQ zone. The combustion is completed with _pin

the range of 0.4 to 0.6 stoichiometric in the LC zone. The STC concept offers a broad operational range because of

the good flame stability of the RB zone. It is also known that one key element for successful reduction of NOx from

the exhaust of STC combustors is the proper design of dilution jet mixing in the QQ zone. Therefore, to increase the

performance efficiency and to reduce the NOx pollutant emissions, the mixing process becomes essential to the

design of STC combustors.
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Thereareseveralapproaches that can be used to numerically solve the chemically reactive fluid flow and heat

transfer occurring inside the STC combustor shown in figure 1. One is to consider the whole combustor as a single

unit. Another is to isolate each zone with the interrelations between zone treated through the inlet/outlet boundary
conditions. For instance, the outlet condition of the RB zone can be used as the inlet condition of the QQ zone. This

allows the zones to be treated differently. For example, the RB zone can be assumed to be axisymmetric (with swirl)

while the QQ zone must be considered to be three-dimensional due to the discrete slots. Therefore, for computa-

tional efficiency, the RB zone was calculated as an axisymmetric problem with a finer mesh to resolve the airblast

nozzle passages. The QQ zone was calculated as a three-dimensional problem using a coarser sector mesh to isolate
one slot. In order to minimize the effect of the interzone boundary conditions, the zones had a considerable amount

of overlap.
The purpose of this two-part paper is to present a multidimensional numerical analysis of the turbulent

two-phase reacting flows inside the STC combustor. An advanced airblast nozzle was used as a means of supplying

air and fuel for the RB zone. The geometry of the fuel nozzle is shown in figure 2. The nozzle has two fuel injection

passages and four air flow passages. The inner flow passage has a counter-rotating swirler with 63 ° van angle. The
van angles of the middle, outer, and dome flow passages are 61.3 ° , 60.2 ° , and 60.2 ° , respectively, and are all

co-rotating. In the QQ zone, cool dilution air is injected into the hot rich mixture through inclined slots. This paper

is concerned with the numerical analysis of the FN/RB zone. The QQ/LC zones solutions are given in a second

paper. Figure 3 shows the FN/RB zone and the QQ/LC zones computational sections.
Computational fluid dynamics (CFD) has been used to model simple gas turbine combustor flow fields for the

past decade. The predicted results of many of these studies (refs. 5 to 8) showed a lack of agreement with experi-

mental data due to excessive numerical diffusion, inaccurate turbulence models and inlet boundary specifications,

and inaccurate grid and coordinate systems used. The most recent studies dealing with the QQ zone dilution jet mix-

ing problems in flametube combustors can be found in references 9 to 12. In their studies, the effects of momentum

flux ratio and mixing flow area on mixing were investigated by using a simplified quick mixer geometry. They

reported that, for better mixing, the residence time at high flame temperatures should be reduced and that there are

optimum values of momentum flux ratio and slot aspect ratio (refs. 9 to 10). This paper reports the use of an ad-

vanced CFD code, KIVA-II (refs. 13), to analyze a potential complex STC combustor.

DESCRIPTION OF PROBLEM

Since the flow field in FN/RB zone is essentially axisymmetric, only one axial- radial plane of computational
cells was considered. Accordingly, the system under investigation is shown in figure 4 in which D is the diameter of

the QQ zone and Lrich is the length of the RN zone. It is noted that, to avoid flow contamination due to inlet/outlet
boundary conditions, the outlet boundary of the FN/RB zone was extended to the end of the convergence section.

The following inlet conditions were chosen:

Temperature = 1000 °F (811 K)

Pressure = 90 psia (6.205x106 dynes/cm 2)

Air mass flow rate = 1.09 lbm/sec (494.42 g/s)

Air flow split = 7.8/19.1/25.5/47.6 percent (from inner to dome)
Air flow passage area -- 0.007/0.0117/0.0156/0.027 ft 2 (6.50/10.87/14.49/25.08 cm 2)

Equivalence ratio = 1.4

Fuel split = 50/50 percent

Turbulent length scale = 0.25 of the respective flow passage width

Turbulent kinetic energy = 1 percent of the respective 0.5 W 2

where W is the mean axial velocity at inlet.

The inlet boundary conditions were the specification of the density (calculated from the temperature and pres-

sure given above) and W (calculated from the mass flow rates and flow areas given above). The radial velocity com-

ponent was set so that the inlet flow was tangent to the flow passages. The azimuthal or swirl velocity component

was specified assuming wheel flow. The turbulent kinetic energy and length scale were specified at the values given

above. The exit boundary condition was a specified exit pressure. Since this pressure is coupled with the QQ/LC

zones inlet condition due to the flow is subsonic, an iteration procedure is therefore needed to update the FN/RB
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zoneoutletpressureasdescribedinthesecondpartofthispaper(ref.14).Thecombustorwallswereassumedtobe
adiabaticwithaturbulentboundarylayer.Theseconditionswereenforcedusingwallfunctions(ref.13).

NUMERICALMETHODOFSOLUTION

ThenumericalsolutionswereobtainedusingamodifiedversionofKIVA-II,implementedtostudytheafore-
mentionedobjective.Thegridsystem(81x51gridpoints)neededforthesolutionwasgeneratedbyanalgebraic/
ellipticmethodandisshowninfigure5.

TheKIVA-IICode

TheKIVA-IIcode(ref.13)developedattheLosAlamosNationalLaboratoryisanadvancedcomputerpro-
gramforthenumericalcalculationoftransient,two-andthree-dimensional,chemicallyreactivefluidflowswith
sprays.Itsolvestheunsteadyequationsofmotionofaturbulent,chemicallyreactivemixtureofidealgases,coupled
totheequationsforasingle-componentvaporizingfuelspray.Thenumericalschemeisbasedonthearbitrary
Lagrangian-Eulerian(ALE)method(refs.15and16)withimplicitcontinuousEulerianmodificationforlowMach
numberflows.A stochasticparticlemethodisusedtocalculatetheevaporationrateofliquidsprays.Theeffectsof
dropletoscillation,distortion,breakup,collision,andcoalescenceareconsideredinthecomputations.Severalup-
windconvectionschemes,suchasthepartialdonorcellandquasi-second-orderupwind,areincluded.Twoturbu-
lencemodels,modifiedr-eandsubgridscalemodels,arealsoavailable.ForadditionaldetailsoftheKIVA-II,see
reference13.

CodeModifications

Since the KIVA-II is primarily written for solving the reciprocating internal combustion engine problems,

modifications are needed for the application to the current problem. Following are the descriptions of the major

changes made to the code.
The fuel was considered as Jet-A in the liquid phase and propane in the gas phase, according to Nguyen and

Ying (ref. 17). The propane combustion was modeled using a simplified 11-reaction set (five kinetic reactions and

six equilibrium reactions). The five kinetic reactions are:

C3H 8 + (3/2 + 8/4) 02 _-) 3 CO + 4 H20

CO + 1/2 0 2 _ CO 2

O + N2_-_ N + NO

O2 + N _--_O + NO
N + OH +-_ H + NO

and the six equilibrium reactions are (ref. 18):

H2+-_ 2 H

O2 _-) 20
N2 <---)2 N

02 + H 2 +-_ 2 OH

02 + 2 H20 _-_ 4 OH

0 2 + 2 CO _ 2 CO 2

Details of this simplified chemical reaction model together with the reaction constants can be found in reference 17.

The grid system was generated separately and KIVA-II was modified to read the grid information accordingly.

The geometry routines were modified to allow four separate inlet flow passages to be defined. The boundary condi-

tion routines were modified to allow separate inlet conditions for each passage. In addition, the boundary condition
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routinesweremodifiedtoallowarbitraryshapedcombustorwalls.PropertiesofJet-Aliquidfuelwerealsoaddedto
thecode.

Speciesinformationbothattheinflowandfuelsprayswerespecifiedandthenecessarymodificationswere
madetoincludethenumberofspeciesandtheirthermodynamicproperties.Calculationsoftheemissionindexof
COandNOwerealsoincluded.Theemissionindexwasdefinedasaratioofthegramsofpollutantformeddivided
bythekilogramsoffuelconsumed.

RESULTSANDDISCUSSION

Preliminaryresultswereobtainedusingthequasi-second-orderupwindschemeintheKIVA-IIcode.Inthe
calculationofspraydroplets,onlytheevaporationsubmodelwasused.

Tocloselysimulatearealengineoperatingprocedure,thecodewasexecutedasfollows.Atthebeginning,the
fuelspraysandignitionwereturnedoff,andtheprogramwasrunwithaironlyfor1,000timesteps,whichcorre-
spondsto 18.871millisecond(ms)realtimesimulation.Theflowfieldafter1,000timestepsisshowninfigure6,
withthestreamlinessuperimposedonthevelocityvectors.Figure7showstheenlargedviewofthevelocityfield
neartheinlet.Thetworecirculationzones,onelocatednearthecenter-lineandtheotherattheleftuppercomer,are
typicaltothecombustorgeometryunderstudy.Thesizeandshapeofthecenter-linerecirculationzonehasanim-
portantinfluenceontheperformanceoftheRBzone.

Startingfromthecoldflowsimulation,thecodewasrestartedwithbothfuelinjectorsandignitorturnedonat
18.872ms.Theignitorwasturnedonfor1msandthelocationoftheignitionwindowisshowninthecrosshatched
areain figure5.Thereciprocaltimeconstantforignitionenergyadditiontotheignitioncellswassetto2.61x103in
theKIVA-IIinputfile.Figure8showstheflow,pressure,andtemperaturefieldsat21.443ms(1,200timesteps).
Thereisahighertemperatureregion,isothermlevels2toA,neartheignitor,indicatingwherethechemicalreaction
istakingplace.Duetothechemicalreactions,highpressurewavesarecreatedandarepropagatingdownstream
causingthecenter-linerecirculationzonetodisappeartemporally.Itcanbeseenclearlythatthelowertemperature
region,enclosedbytheisothermlevel1envelopeisbasicallymadeupofthefuelrichmixture(theinlettemperature
offuelattheinjectorswas293K andtheinletairtemperaturewas811K).Figure9givesthedistributionofthe
liquidfuelparticles.Theinterfaceofisothermlevels1and2infigure8is thelocationwherethefuelrichmixture
encounteredthehightemperatureflamefront.

Figure10showstheflowandtemperaturefieldsat25.469ms(1,600timesteps).Fromthisfigure,it is
observedthatthecenter-linerecirculationzoneisrecoveringandthehightemperatureregionsaregraduallycon-
vectingdownstream.Thereisahightemperaturegradientbuildingupneartheinterfaceofisotherms1and2.The
sizeoflevelI envelopeatthisinstantisabitlargerthantheoneshownin figure8,anindicationofthefuelvapor-
ization.

Figures11and12showtheflow,pressure,andtemperaturefieldsandtheliquidfuelparticledistributionat
108.98ms(9,000timesteps)and120.3ms(10,000timesteps),respectively.Itcanbeseenthatthesolutionhas
reachedsteadystateat120.3ms.TheemissionindexofCOandNO,calculatedatthelocationsindicatedbystarsin
figure5,isgiveninfigure13.

Forthepurposeofcomparison,figure14givestheflowfieldunderpureflowcondition,i.e.,withoutfuelspray
andchemicalreaction.Asonecansee,withoutchemicalreaction,thecenter-linerecirculationzoneisverylarge.
Resultsobtainedfromthispartwillbeusedastheinletconditionforthesecondpartofthisstudy.

CONCLUSIONS

ModificationofKIVA-IIforthestudyofSTCcombustorFN/RBzonewithanadvancedairblastnozzlehas
beencompleted.PreliminaryresultsfromtheapplicationofthismodifiedversionofKIVA-IItothestudyofthe
chemicallyreactiveflowsinsidetheFN/RBzoneshowsomeofthemajorfeaturesoftheflowandtemperaturefields
insidetherichcombustionzone.Fromtheresultsobtainedsofar,it appearsthatthemodifiedcodecanbeusedto
studytheeffectsofanumberofcombustordesignandoperatingparameters,suchasthefuelsplit,airflowsplit,RB
zonegeometry,equivalenceratio,etc.,onflow,temperature,andpollutionemissions.
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Figure 3.--FN/RB zone and QQ/LC zones computational sections.
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Figure 4.--Geometry of the system under investigation and it's specifications.

Figure 5.--FN/RB zone computational mesh.

Figure 6.--Velocity vectors and streamlines at t = 18.871 ms.
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Figure 7.--Enlarged view of velocity vectors near the inlet.
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Figure 10.inFlow and temperature fields at t = 25.469 ms.
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Figure 11 .---Velocity, pressure, and temperature fields and the liquid fuel particles at t = 108.98 ms.
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Figure 12.--Velocity, pressure, and temperature fields and the liquid fuel particles at t = 120.3 ms.
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